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Abstract

Integrated Continuous Biomanufacturing reduces manufacturing costs while maintaining
product quality. A key contributor to high biopharmaceutical costs, specifically monoclo-
nal antibodies (mAbs), is chromatography. Protein A ligands are usually preferred but still
expensive in the manufacturing context, and batch chromatography under-utilizes the
columns' capacity, compromising productivity to maintain high yields. Continuous chro-
matography increases columns' Capacity Utilization (CU) without sacrificing yield or pro-
ductivity. This work presents the in-silico optimization of a 3 Column Periodic Counter-
current Chromatography (3C-PCC) of a capture and polishing step for mAbs from a high
titer harvest (cyap = 5 g/L). The 3C-PCC was modeled and Pareto-fronts for continuous
and batch modes were used to optimize the 3C-PCC steps varying the flow rate and per-
centage of breakthrough achieved in the interconnected loading, maximizing Productiv-
ity and CU, for varying concentrations of mAb (batch mode concentration of 5 g/L and
continuous mode concentration of 2.5, 5, 7.5, and 10 g/L). The shape of the break-
through curve significantly impacts the optimization of 3C-PCC. The model output was
validated for three different protein A ligands using a pure mAb solution. MAb Select
SuRe pcc was selected to continuously capture mAb from a high-titer clarified cell cul-
ture supernatant (harvest). The product eluates were pooled and used for continuous
polishing using a Cation-Exchange resin (CaptoS ImpAct). Experimental results validated
model predictions (<7% deviation in the worst case) and a process with two 3C-PCC in

sequence was proposed, with a productivity of approximately 100 mg/mL res/h.

KEYWORDS
continuous chromatography, high titers, integrated continuous biomanufacturing, modeling,
periodic counter-current chromatography
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1 | INTRODUCTION

Demand for monoclonal antibodies (mAbs) is rising every year, making
this one of the fastest-growing product segments in the biopharma-
ceutical industry.? Simultaneously, mAbs are historically expensive
to produce, and affordable alternatives are needed, with patent expiry
driving cost reduction, mostly in the form of biosimilars.®> Operational
strategies and process improvements have also been implemented to
increase production capacity, notably recent developments in Upstream
Processing (USP) where increasingly higher titers are being achieved.*
Naturally, USP improvements to the cell line's productivity at a frac-
tional increase of the costs have shifted the cost pressure of these bio-
pharmaceuticals to the Downstream Processing (DSP), where costs can
be as high as 80% of the total production costs.” Of all unit operations
in a DSP train, chromatography is the most cost-demanding. This is
mainly due to expensive resins (especially protein A ligands) and to the
fact that there are usually three chromatographic steps.®” Despite this,
chromatography's specificity and robustness still make it the most via-
ble option for the purification of mAbs, since other alternatives have
still not been able to compete with it.8-1°

Integrated Continuous Biomanufacturing can help tackle the
aforementioned problems by increasing productivity and reducing
the costs of the whole process.** The biopharmaceutical community
and regulatory agencies are joining efforts to make the transition to
continuous manufacturing.?>*® Chromatography is, in most cases,
inherently a batch process. If operated in bind and elute mode, prod-
uct collection will unavoidably be discrete. Different strategies to con-
vert batch chromatography to continuous have been proposed:
(Capture) Simulated Moving Bed (CaptureSMB/SMB) in the case of
operating in bind and elute mode or not, respectively’*; Multicolumn
Countercurrent Solvent Gradient Purification (MCSGP)'%; Periodic
Counter-current Chromatography (PCC); among others'®: and various
systems are already commercially available.'®

PCC processes allow continuously loading product onto the
columns while simultaneously recovering it. This is achieved by inter-
connecting columns during the loading phase whilst performing the
non-loading steps in other columns.?” Breakthrough Curves (BTCs),
which are important for the design of chromatographic processes in
bind and elute mode, provide information on the protein's Dynamic
Binding Capacity (DBC) at specific operating conditions (flow rate,
buffer conditions, etc.). Figure 1a shows a typical BTC and illustrates
how batch chromatography is usually loaded until 1% of DBC
(DBC1%). The area in light green above the BTC curve shows the pro-
tein adsorbed to the resin until DBC, o, whereas the gray area with
right diagonal lines and the red area with left diagonal lines represent
the protein that would be lost and what could still be adsorbed to the
column in case the column would be loaded to DBC4go, respectively.
In Figure 1b one can see that by interconnecting two columns during
loading, it is possible to reach a higher DBC without losing product,
which (is captured by the subsequent column, represented by the
white area). In the column in the first position, more protein will be
adsorbed (sum of the areas of light and dark green). The reduction of

the red area means that more of the resin is used to adsorb the
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FIGURE 1 Breakthrough curve of importance for the design of

continuous chromatography. C/C, concentration of protein breaking
through the column divided by feed concentration; CV, column
volumes. (a) Scenario where only one column is connected; (b) Scenario
where columns are interconnected. Light green represents the protein
adsorbed to the chromatographic resin until 1% of DBC; Dark green
represents the protein adsorbed in column i until a specified
percentage of breakthrough is achieved (represented by %s). Red with
left diagonal dashes represents the protein that could still be adsorbed
to the column if loading until 100% DBC was selected. Gray with right
diagonal dashes corresponds to the protein in the flow through. White
represents what breaks through in column i into column i + 1 in the
interconnected load phase.

product, increasing the resin utilization. Interconnecting the columns
during the load phase allows for an increase in Capacity Utilization
(CU) of the column and increases the productivity, which leads to lower
column volumes needed, reducing the relative resin costs. A lower col-
umn volume will consequently decrease the amount of buffers needed
per gram of product, contributing to a reduction of the costs associated
with buffers in the manufacturing process of a mAb.

Empirical optimization studies on PCC can be laborious and

expensive, as both a significant amount of product and time would be
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required to find optimum processes. By using Mechanistic Models to
describe chromatographic behavior, it is possible to test several scenar-
ios in silico before having to make the shift to the lab.*® There are sev-
eral parameters that need to be addressed in such optimization,*’
therefore the computer-based optimization will help to reduce process
development times. The choices of the model and optimization frame-
work are important, as there is often a compromise between accuracy
and optimization times. Furthermore, the feasibility of different process
alternatives can be evaluated in silico, saving time and sample.?°

Chen et al. proposed a linear correlation between DBCy, and a dimen-
sionless group that contained many chromatographic parameters. Such an
approach bypasses the need for using models but can lead to larger errors
depending on the studied resin.2! Professor Dong-Lin's group has pro-
duced work in model-based optimization for the capture of monoclonal
antibodies using twin-column chromatography?>?® and 3C-PCC.Y? The
authors concluded that a two-column approach often requires a more
careful choice of flow rate, leading to processes with (typically) lower pro-
ductivities compared to the 3C-PCC. 4C-PCC is also an attractive platform
for the setup of the continuous chromatography system. Although it rep-
resents a higher investment in equipment (column housing and valves), it
provides greater operational flexibility than 3C-PCC, allowing for more
time for the non-loading steps. More recently, the same author developed
a model-free strategy for process development of 3C-PCC where the
influence of a multitude of parameters on process productivity was evalu-
ated.?* Although this approach may seem attractive due to dispensing
computational studies, this approach could lead to less accurate process
development accompanied by a larger experimental effort.

While the work previously mentioned provides insight into
model-based process development and optimization for continuous
chromatography, most of the work focuses on relatively low titers
(e.g., 2-3 g/L).2°2! Since the industry is seeing increasing titers in
upstream, it is pivotal to address these increasing titers and implement
such conditions in the optimization approaches. Therefore, this work
presents a model-based optimization for a batch and a 3C-PCC Protein
A (ProA) capture step and a 3C-PCC polishing Cation-Exchange (CEX)
step from a high titer harvest (cap = 5 g/L). The selected resins were
optimized in-silico for different feed concentrations, and the continuous
model was validated with pure mAb solution. The best performing ProA
resin was selected for a study with harvest solution, and the eluates
were used as feed solution for the 3C-PCC of CEX after undergoing
batch virus inactivation (VI), mimicking a continuous capture and polish-
ing step. Finally, model data is compared to experimental data to assess

the model's feasibility to describe the system and its accuracy.

2 | MATERIALS AND METHODS
2.1 | Chromatography model and optimization
2.1.1 | 3C-PCC process and model

3C-PCC was modeled using the Transport Dispersive Model, and the
mass transfer is described by the Solid-Film Linear Driving Force

PROGRESS

model (using Langmuir isotherms), both described elsewhere.?®> BTC
experiments used to calibrate the model have previously been
described and performed (for ProA resins).2> BTC experiments for the
CEX resins are shown in Sl (Figure Sl 5). Isotherm data for ProA and
CEX resins have been published elsewhere.?”

As in the case of the experimental setup, the model connects
the outlet of one column to another (for the interconnected loading
and interconnected washing), which in the model is achieved by
setting the inlet boundary condition of the receiving column as the
outlet of the column upstream. In this system, the Danckwerts
boundary conditions for dispersive systems apply,?® where the inlet
concentration is provided by the mathematical solution of the pre-
vious column. This is done in the ordinary differential equations
(ODE) axial and time-dependent system, and the spatial discretiza-
tion is achieved using the method of lines. During interconnected
loading, the product in the breakthrough of column i is being
adsorbed in column i + 1, whereas during interconnected washing,
the product being washed out from column in position i is being
adsorbed in column i + 2. A schematic of the operation is given in
Figure Sl 1. The load step varied depending on the optimization,
whereas the non-loading steps of wash, elution, CIP, and equilibra-
tion were kept fixed. These were 8, 7, 6, and 5 CVs, respectively,
and were chosen based on the resin's manufacturer recommenda-

tions and previous experience.?®

2.1.2 | Batch and continuous optimization

In a PCC process, feed continuity is ensured by guaranteeing that the
time it takes to completely load one column (t.,e) is larger than
the time required to perform all other steps.r” Two common perfor-
mance indicators are productivity (P), which is the protein adsorbed
per resin volume and time, and capacity utilization (CU), which is
the effective adsorbed product divided by the maximum product
that could be adsorbed at the tested feed concentration and
depends on the isotherm. The indicators are calculated according
to the following equations:

tanl cycles * Creed - Fv,-,,j —Mass Lost
Vc . (1 - gb) : Ncolumns 'taN cycles

P (mgmAb/mIresin/h) =

tall cycles - Cfeed - Fv,; —Mass Lost
> GmaxKeq Creed
Ve (1 - 5b) “Neotumns - (Ncycles - 1) : (Wq%fe:)

CU (%) = 2)

where tgyi¢ycies is the cycle time for all cycles, creq is the feed concen-

dt
=L is the

Cfeedtall cycles

t,
[ al cycles
0

tration, F, . is the loading flow rate, Mass Lost =-

Ving
mass lost in the cycle (defined as the total mass that is not adsorbed in all
cycles), V. is the column volume, L is the column length, ¢, is the bed
porosity, Neoumns is the number of columns, Neyces is the number of
cycles, and gpq and Keq are the maximum adsorption capacity and
adsorption equilibrium constant of each resin, in the Langmuir model,
respectively.
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For the defined process, a Yield (Y) constraint was set to minimize

product loss both in the interconnected loading step (by early break-

through in the second column) and in the interconnected wash step.

This can be defined as the recovered product divided by the total

loaded product:

_teycle * Creed - Fu,;, —Mass Lost

Y (%) (3)

tcycle - Cfeed * F, Vinj

Additionally, there is another parameter that can be used to
design the PCC step and to evaluate its performance, which is the
percentage of breakthrough achieved in the first column when two
columns are interconnected (%s). This can be defined as:

- tt=t
%s (%) _ C|sz (a end IC phase) (4)
Cfeed

The design variables for the optimization of the continuous step
were the loading flow rate and %s. The constraints set for the system
were feed continuity (meaning that t.,c. must be larger than the time
to recover the product and prepare the column to be interconnected
for the wash (tgg)), and a yield constraint, to avoid product loss. The
design variables for the optimization of the continuous step were
the loading flow rate and %s. However, since %s is fixed to 1%
because of the yield constraint, the only design variable for the opti-
mization of the batch chromatography was the loading flow rate. The
optimization procedure for the continuous steps can be summa-

rized in:

objective = max(Prod, CU)

. ., [0.1/0.255F,,; <1 ml/min
variables : x = [Fy,,, % s]with { 20< % <90
. Y >99%
Constraints : (5)
teyele > tRR

The lower limits of F,,, were 0.1 and 0.25mL/min for the PCC
CEX and ProA optimization, respectively. In cases where the optimal
solution of an objective function negatively affects the results of the
other, Pareto fronts find non-inferior solutions to the problem, which
form the Pareto front. An optimization was run for every resin and dif-
ferent feed concentrations (2.5, 5, 7.5, and 10 g/L for ProA resins and
5, 10, 15, and 20g/L for CEX resins). The used optimization solver
was paretosearch, an in-built function of the Global optimization tool-
box in MATLAB, that can solve constrained multi-objective optimiza-
tion problems. Another solver (gamultiobj) was also tested, but the
yielded results were the same. Since the paretosearch algorithm
obtained the same results and took approximately 20% of the time of
the gamultiobj algorithm, the first was chosen for the present work.
The selected Pareto set size was 150, maximum iterations of 50, and
default tolerances were used (1e-6). Each optimization was computed

in parallel in a 10-core computer and ran for approximately 18 h each.

2.2 | Materials

1 mL HiTrap® columns of ProA resins Mab Select SuRe (MSS), Mab
Select PrismA (MSPrismA), and Mab Select SuRe pcc (MSSpcc) and
CEX resins Capto™ S ImpAct (CaptoS Imp) and SP Sepharose Fast
Flow (SP Seph FF) were purchased from Cytiva, Uppsala, Sweden. The
bed height is 25 mm, the inner diameter 7 mm, and the bed volume
1 mL. The mAb (M,, of 148,220 Da, pl =~ 8.6) used in this study was
provided by Byondis B.V., Nijmegen, The Netherlands, both in purified
form and with the Clarified Cell Culture (harvest). The titer of mAb
present in the harvest was 1.4 g/L, determined by Analytical
Protein-A Chromatography by the supplier.

2.3 | Buffers and solutions preparation

The different buffers and solutions were prepared by dissolving the
appropriate amount of chemicals in Milli-Q water. For the ProA resin
studies, a 1x Phosphate Buffer Saline (PBS) buffer was prepared, and
the pH was adjusted to 7.14 for all the experiments to mimic the pH
values of the harvest solution. For the CEX resin studies, a 25 mM
NaOAc solution at pH 4.5 was prepared. The elution buffers used for
the ProA and CEX resins were 25 mM NaOAc pH 3.5 and 25 mM
NaOAc with 1 M NaCl pH 4.5, respectively. The provided mAb in
purified form was buffer-exchanged to the buffer solutions mentioned
above using the methods described elsewhere?® (depending on the
resins studied) and diluted to the desired concentration. A highly con-
centrated solution of mAb in 1x PBS buffer (cnap = 12 — 15 g/L,
depending on the solution prepared) was used to increase the concen-
tration of mAb in the harvest from 1.4 to 5 g/L.

24 | Analytical methods

The concentration, aggregate content, and purity of the eluates of
harvest samples were determined by analytical size-exclusion (SEC)
chromatography using the UltiMate 3000 UHPLC System (Thermo
Fisher Scientific, Waltham, MA). 5 uL of each sample was injected into
an ACQUITY UPLC Protein BEH SEC 200 A column (Waters Corp.,
Milford, MA), using the running buffer 100 mM sodium phosphate
buffer pH 6.8, a flow rate of 0.3 mL/min, and an absorbance of
280 nm. Protein concentration estimated with online UV measure-
ment in the studies with pure mAb in the AKTA system was deter-
mined using appropriate calibration curves obtained using the AKTA

system, which is linear up to 5 g/L.

2.5 | Criteria for resin selection

The selection of ProA and CEX resins was based on previous work.%®
Three ProA resins (MSS, MSPrismA, and MSSpcc) were chosen for
their maximum binding capacity, affinity constant, and stability. Opti-

mization studies determined the operating conditions for mAb PCC
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experiments, targeting a productivity of 100 mg/mL resin/h. The ProA
resin with the best experimental performance in terms of productivity
and CU was used for PCC with the Harvest. Two CEX resins were
chosen out of a pool of 16 based on the same criteria as the ProA
(maximum binding capacity, affinity constant and stability), and con-
sidering that preliminary tests had shown great HCP clearance
obtained after ProA and low amounts of aggregates generated (data
not shown). The BTC profiles indicated suitability for a 3C-PCC

system.

2.6 | Continuous runs—pure mAb and harvest
For the capture experiments, a concentration of 5 g/L of mAb was
selected, and the process was run for a total of 8 cycles. The 3C-PCC
experimental runs with pure mAb were used to validate the model
results and to compare the performance of the resins. The best per-
forming resin in terms of the selection criteria was used for the cap-
ture step from the Harvest mixture, at a mAb concentration of 5 g/L.
The capture step eluates from the harvest trials were stored in
elution buffer for a minimum of 1 h to simulate VI, then mixed, and
the pH was corrected to 4.5. This solution was then used as input for
the 3C-PCC run of the CEX resin. Due to the concentrating ability of
chromatography, the available solution for the CEX trials allowed for
the run of 4 cycles, instead of the 8 cycles for the ProA resin.

27 |
control

Continuous experimental setup and process

The experimental setup for the 3C-PCC runs (pure mAb and continu-
ous) is shown in Figure 2. This setup is similar to the one used by
Gomis-Fons et al., applied in an AKTA Avant 25 unit.2° The column
valve (ColV) is used to dictate the flow path of the loading of the sam-
ple (green line). The versatile valves (VVs) and outlet valve (OutV) are
used to direct the flow after each column. In Figure 2, C1 and C2
are in the interconnected loading phase, whereas C3 is undergoing
the non-loading steps (blue line). The UV1 monitor is used to monitor
the loading and wash phases of each column, and the UV2 monitor is
used to monitor the elution steps and what leaves the column in the
position i + 1 in the interconnected wash step, both measuring absor-
bance at 280 nm. Lastly, the loop valve (LV) is used to fractionate the
eluates whenever the pooling is active. The chromatography system is

t,27

controlled by the research software Orbit,”” which was previously used

for the control and monitoring of continuous purification processes.?®

2.8 | Statistical analysis

The reported uncertainties were calculated considering the systematic
error and the statistical error resulting from the random variation of
measured values. The sample standard deviation and error propaga-

tion were calculated according to Young.?? For the systematic error,

PROGRESS

only the uncertainty associated with the parameter regression of the
calibration was accounted for, as other equipment errors were consid-

erably smaller and thus negligible.

3 | RESULTS AND DISCUSSION

3.1 | PCC optimization—Protein A

The optimization of the ProA 3C-PCC was accomplished by estimat-
ing the Pareto fronts for Productivity and CU. The Pareto fronts can
be calculated for any combination of Key Performance Indicators
(KPI), which can be Purity, Yield, CU, concentration factor, and Pro-
ductivity, among others.2>2° In the case of the present work, the Yield
was used as a constraint and the Productivity and CU were regarded
as more important KPIs to optimize, since it was expected that the
purity would be high after the ProA step. The optimization was carried
out for three different resins, at four different feed concentrations for
the 3C-PCC system and one feed concentration for the batch system.

3.2 | Effect of antibody concentration
The optimization of the 3C-PCC system was conducted at concentra-
tions of 2, 5, 7.5, and 10 g/L. As high titers become more common in
USPY, it is crucial for DSP to prepare for future increases. Currently,
2 g/L is standard, and 5 g/L is becoming more common, while 10 g/L
is rare but has been reported.>**2 For continuous operation, WuXi
Biologics has reported upstream productivities up to 2.5 g/L/day. To
be able to operate under feed continuity, there is a trade-off between
the concentration of the load and the flow rate. This is because there
needs to be enough time allocated for the non-loading steps, which
occur during the interconnected load. It is only possible to efficiently
design a 3C-PCC step when accounting for this.

The model was calibrated at varying flow rates with a constant
5 g/L feed concentration, requiring extrapolation for higher concen-
trations. Despite the need for experimental verification, the linear cor-
relation between the mass transfer coefficient and feed concentration
is expected to hold for higher concentrations, making the extrapolated
results reliable. If feed concentrations become increasingly higher
(above 10 g/L), validation of this correlation is needed, as it can have
an impact on the control strategy of loading and elution steps.®®
Figure 3 shows Pareto fronts for different ProA resins (MSS,
MSPrismA, MSSpcc). The shape of these fronts is influenced by the
resins' BTC profiles under various conditions. Higher flow rates
increase productivity by processing more product in the same time
but flatten BTCs, shortening the disconnected load phase. This can
lead to breakthroughs in the second column before the first reaches
the required %s, affecting CU. This is especially noticeable at lower
concentrations (2 and 5 g/L) and for MSS, which has the lowest
capacity and is most negatively impacted by increased flow rates. Fur-
thermore, the Pareto fronts appear not to be completely smooth. This

is a consequence of the tolerances chosen for the optimization, where
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Experimental set-up of the 3C-PCC process on the AKTA Avant 25. The example shows the interconnected loading from column 1 to

column 2 (green line) while column 3 undergoes the non-loading steps (blue line) (in this case the elution step, where there is product collection).

a trade-off between accuracy and computational speed was chosen.
To further smoothen the Pareto front, it would be suggested that the
tolerances of the optimization tool be decreased.

34 shows the

MSSpcc, designed for improved mass transfer,
least variation in Pareto fronts across concentrations. It maintains
sharper BTCs and higher CU at increased flow rates, unlike MSS
and MSPrismA. The improved mass transfer and higher binding
capacities of MSSpcc allow for increased productivity without sig-
nificantly reducing CU. Figure 3d highlights that at 5 g/L, MSSpcc
achieves higher CU for similar productivity compared to the other
resins. For productivities above 70 mg/mL res/h, MSSpcc maintains
CU values at least 5% higher than the others, making it the best
choice at this feed concentration. Testing at 20 g/L feed concentra-
tion revealed that no Pareto-front solutions were feasible. High
concentrations saturate binding sites quickly, leading to potential
product breakthrough and yield loss. The interconnected wash

phase may not be sufficient, requiring sample load interruptions,

thus failing to achieve a continuous system. Larger columns might
make this concentration viable.

Pareto fronts provide a set of optimal solutions for maximizing
productivity and CU in 3C-PCC. This study identified 150 optimal
solutions, but the best solution varies based on factors like equipment,
personnel, upstream capacity, and facility space. Although the “one
true optimum solution” cannot be found, continuous manufacturing
provides a better alternative to mAb production than batch. From a
production perspective, continuous production yields higher CU and
Productivity than batch, and is also economically advantageous, as

shown recently for annual demands ranging from 100 kg to 1 tonne.>®

3.3 | Batch versus continuous

The comparison between the batch and continuous mode of opera-

tion is important to understand if the continuous operation allows
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FIGURE 3 Optimization plots of the three different Protein A resins studied for the capture step of mAb. (a), (b), and (c) are the Pareto fronts
for MSS, MSPrismA, and MSSpcc, respectively. The optimization was done for batch mode (at c,ap Of 5 g/L) and continuous mode (at ¢, Of 2.5,
5,7.5,and 10 g/L). Numbers 1, 3, 4, and 5 represent the results for continuous mode at c,,ap Of 2.5, 5, 7.5, and 10 g/L, respectively; number

2 represents the results for batch mode at c,ap 0f 5 g/L. (d) Comparison of the optimizations for continuous chromatography of the three
different resins at a 5 g/L concentration of mAb. Concentrations of 7.5 and 10 g/L represent an extrapolation of the feed concentrations for

model calibration.

achieving a process that has higher productivities and CU than batch.”
Since in 3C-PCC the loading is interconnected, it is expected that the
Pareto front for the continuous process is above the Pareto front for the
batch process. In fact, this is what is observed for all resins (Figure 3).
Higher productivities are achieved by having a higher flow rate and,
therefore, a higher throughput of material. An increase in the flow rate
will lead to earlier breakthrough times and shallower BTCs, meaning that
interconnecting the columns is needed to increase CU without
compromising productivity and yield. By interconnecting columns, load-
ing can be performed until a higher %s, meaning more protein is loaded
onto the column and consequently more protein adsorbing to the avail-
able binding sites, leading to higher CU. Since the optimizations are con-
strained to 99% vyield, the batch processes will consequently have lower
CU, since the %s achieved by this process will be much lower than what
can be achieved for the continuous processes.

A comparison of Pareto fronts for batch and continuous pro-

cesses has previously been shown.?° In the present study, the

comparison between batch and continuous modes of operation was
done for 5 g/L, since the focus is to optimize for the current titers and
prepare for future higher titers. For all resins, the batch Pareto front
follows the continuous Pareto front in a seemingly parallel fashion. By
interconnecting the columns, a higher %s in the first column can be
achieved, and CU is increased for the same productivity. For example,
for a productivity of 70 mg/mL res/h, the CU of the continuous oper-
ation increased 27, 19, and 13% compared to batch, for MSS,
MSPrismA, and MSSpcc, respectively. For a CU of 80%, productivity
is 91, 67, and 82% higher compared to batch, for MSS, MSPrismA,
and MSSpcc, respectively. This shows the potential of continuous
chromatography, with large increases in productivity and CU being
possible using this mode of operation. Nonetheless, it is noticeable
that the batch processes for this feed concentration can still go to
high productivities. This comes at the cost of lower CU, caused by the
earlier breakthrough times for processes with higher flow rates. Lower

CU leads to higher production costs, since the resin is being used less
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efficiently, and more buffer volume per gram of product is needed.
Ultimately, the continuous mode of operation can offer better process
KPIs compared to the batch mode of operation. However, this comes
at a higher operational complexity, and the choice of batch or continu-

ous mode of operation depends on the manufacturing scenario and
the manufacturer's goal.

3.4 | Continuous runs pure mAb—Protein A

The results of the optimization provide some insight into the per-
formance of the three different resins. However, it is important to

understand whether the model's results are in agreement with the
experimental results. To do this, a 3C-PCC experiment was per-
formed with each of the different resins, for a feed concentration
of 5g/L, and the experimental KPls were compared with the
model's KPIs. To compare the different resins, a productivity of
100 mg/mL res/h was chosen for all the resins, and the corre-
sponding loading flow rate and %s (taken from the simulations of
the Pareto fronts) were used for each of the resins' experiments.
Figure 4 shows the resulting chromatograms of this comparison for
MSPrismA. A total of 8 cycles (fully loading the three columns)
were done, where the first cycle is the startup phase and the last
cycle is considered to be the shutdown phase. The first injection is
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FIGURE 4

Experimental validation of the continuous chromatography model for the capture step with a pure sample of mAb using

MSPrismA. The initial concentration is 5 g/L and the loading flow rate is 0.71 mL/min. (a) Total chromatogram; (b) Zoom in on the steady-state of
the cyclic operation of the 3C-PCC; (c) Model data for the same cyclic period as shown in B. In (a) and (b), black and red represent the
concentration observed in UV1 and UV2, respectively. In (c), black, red, and blue represent the outlet concentrations predicted from the model

for columns 1, 2, and 3, respectively.
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done in C3, meaning that the injection in C1 of the first cycle is the
second peak in the total chromatogram.

Figure 4a shows the total chromatogram of the continuous run.
The concentration was estimated from the UV signal and appropriate
calibration curve in the AKTA Avant system, which is linear until 5 g/
L. The elution peaks' concentration maximum is well above 9 g/L, and
what can be seen in the figure is an artifact from the signal saturation
in the AKTA system's UV detector. Figure 4b shows the steady-state
part of this operation. It is possible to see that from the second cycle,
the operation is already at a steady state through the similarities in
the shapes of the BTCs of different cycles. Figure 4c shows the
steady-state operation of the same process performed in silico, with
the operating conditions chosen to be the same as the ones used in
the experiments. The experimental profile of the 3C-PCC run is very
similar to the model's profile for all the different chromatographic
stages, like the loading profiles (shape of the breakthrough curve in
the different cycles) and the washing and elution profiles. The model
even captured the minuscule “peak” that can be seen at the beginning
of the washing, which is an artifact due to the use of a higher flow
rate for the wash stage compared to the loading stage (also observed
in the experiments). The model's washing curves show a sharper
decrease in concentration when compared to the experimental curve,
which can mainly be attributed to the lack of ideality of the experi-
ments compared to the model. The model also did not capture the
small peak of the CIP. This is because when modeling the system, it
was assumed that no mAb would be irreversibly bound to the column;
therefore, the model predicted that all the mAb adsorbed in the load-
ing phase would be collected in the eluate. Nonetheless, it was
already expected that there would be some loss of product in the CIP
stage, which was observed experimentally.

Table 1 shows a comparison between the KPIs predicted by the
model in the optimization and what was obtained experimentally, for
a target productivity of 100 mg/mL res/h, for the three different
resins. The target productivity was based on the optimization using
the feed concentration of 5 g/L. In reality, the solutions prepared for
the 3C-PCC experiments had a slightly different concentration than
5g/L (MSS—4.92 g/L; MSPrismA—4.83 g/L; MSSpcc—4.9 g/L), and
these concentration values were used to estimate the KPIs of the dif-
ferent resins and provide a fair comparison. The experimental results
for the different resins show a very good agreement between the

KPIs predicted by the model and the experimental KPIs. The

PROGRESS

experimental yield values were lower than the model's 99% yield con-
straint. As mentioned above, the model assumed that all the adsorbed
protein would be recovered in the eluate, with the yield losses mainly
being attributed to losses in the breakthrough of the second column
in the interconnected phase. However, in practice, this is not what
happens, since some of the mAb binds more tightly and can only be
displaced with harsher chemical conditions, such as those of the CIP
stage, explaining the small peaks observed in the CIP stage in
Figure 4. Nonetheless, the deviation in yield between experimental
and simulated results for all the resins is below 4%.

The experimental productivity values are also in agreement with
the experimental values for the 3 resins studied. Productivity values
depend on the vyield values since they are a measurement of the out-
put of the process. If the output is lower due to a lower yield, the pro-
ductivity of the process will also be lower. This is confirmed by the
larger deviations in productivity coming from the resins that had
the larger deviations in yield, which for the productivity are not larger
than 3.9% for all the resins.

CU is the measurement of the amount of mAb that is actually
adsorbed to the resin in a cycle compared to the total theoretical
amount of mAb that the resin could adsorb (if all binding sites were
occupied). Overall, the CU of the model's predictions and the experi-
mental values are in good agreement, but they vary between the dif-
ferent resins, contrary to yield and productivity. This is because of the
99% vyield constraint and a chosen productivity of 100 mg/mL.s/h as
KPI for all resins. All resins present quite a high CU (all above 78%),
with MSSpcc showing the highest CU at 88%, which was already
expected from the optimization results.

The %s values for MSPrismA and MSSpcc followed the predic-
tions from the model. However, the experimental %s for MSS was
higher than the model predicted. The main difference between the
model and experiments is that the model was built with no dead vol-
umes between the columns. The biggest dead volume between the
two columns was estimated to be 75 uL, which is only 7.5% of
the column volume. Besides the low volume, the solution is also less
concentrated than the direct feed, since it is the breakthrough of the
column in position i, hence why it was ruled to have no influence.
Since MSS had the steepest BTC out of the three resins (Figure Sl 2),
it was initially hypothesized that the dead volume could be a contrib-
uting factor, but the small volumes do not justify this difference. It is

hypothesized that the capacity of the used MSS columns could be

TABLE 1 i
. Comparison of the model MSS MSPrismA MsSpec

and experimental key performance

indicators (KPIs) for the pure mAb Model  Experiment Model  Experiment Model  Experiment

experiments, with the 3 different Protein Yield (%) 9957 9588+375 99.61 9847+385 9915 9588 +3.75

A resins tested.
Prod. (mg/mL,es/h) 97.98 94.35 + 3.69 96.18 96.07 + 3.76 98.74 96.51 + 3.78
CU (%) 78.90 76.24 + 2.98 81.62 79.68 + 3.12 90.01 88.24 + 345
%s (%) 67.80 78.03 + 2.23 79.96 7791+ 238 89.68 87.68 + 3.67

Note: The feed concentrations used for the model's values were the same as for each experiment's feed
concentration: MSS—4.92 g/L; MSPrismA—4.83 g/L; MSSpcc—4.9 g/L. Loading flow rate for each resin:
MSS—0.70 mL/min; MSPrismA—0.71 mL/min; MSSpcc—0.72 mL/min.
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slightly lower than the model estimated. A lower capacity causes the
BTC to shift in the x-axis to the left, and in this scenario, for the same
injected volume, the model could predict a %s lower than reality. This
possible lower capacity value affects more %s than other KPIs since
the increment of %s at those values does not greatly affect the total
mass adsorbed in a cycle. In total, the same amount of mAb is passed
through the column in the model and experimentally, with the impact
being a possible yield loss in the experiments and a higher %s value
estimated.

The results show that the mechanistic model for the chromato-
graphic columns?® and the continuous model employed in the con-
text of this work are validated, both by the concentration profiles
from the in-silico and lab experiments as well as by the KPlIs
obtained. The presented continuous model can be used to optimize
the operation of 3C-PCC chromatography with great accuracy.
Given the KPlIs of the different resins, MSSpcc was the selected resin
for the harvest trials since it showed the best performance of all
evaluated resin candidates.

3.5 | Continuous runs harvest—MSSpcc

After performing the 3C-PCC experiments with pure mAb for the dif-
ferent resin candidates, the best-performing resin (MSSpcc) was

(@) 3000 prrmrg-rr—

selected for the capture of mAb from a harvest solution. Figure 5
shows the resulting chromatogram of the experiment with the harvest
solution. In the case of the 3C-PCC for the harvest solution, the base
UV signal was considerably higher than what was observed for the
pure mADb study, due to the presence of different components in solu-
tion (HCPs, genetic material, among others). Consequently, a direct
translation from the UV signal to the concentration of mAb was not
possible for the harvest experiment.

Figure 5b shows the startup phase, and Figure 5c shows the
steady-state phase of the 3C-PCC operation. From Figure 5b, it is
possible to see that the base UV signal is around 1800 mA.U., and
from both Figure 5b,c, it is possible to see the BTC of the loading of
the columns, even with the high baseline. The high baseline value
made it impossible to calculate %s since this KPI was estimated based
on the chromatogram, and sampling was only performed during the
elution steps. Another difference from the pure mAb experiments is
the presence of a peak in the UV2 during the washing phase, which
corresponds to the components in solution that are being washed out
and do not adsorb to the column that is receiving the wash from the
column being washed. In Figure 5c, it is possible to see that the opera-
tion reached steady state and that the UV signals during loading,
washing, elution, and CIP are consistent over time.

Previous studies have shown that the adsorption behavior of the
studied mAb does not change significantly between a pure mAb
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FIGURE 5

Experimental run of the capture step with harvest. (a) Full length chromatogram; (b) Zoom in on the start-up phase of the

experiment; (c) Zoom in on part of the cyclic operation of the continuous chromatography. In all graphs, black and red represent the absorbance

values at 280 nm in UV1 and UV2, respectively.
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and expementl ey prformance. i o s

indicators (KPIs) for the harvest Model Experiment Model Experiment

f;’;zrcitme”ts' for MSSpcc and Captos Yield (%) 99.15 95.80 + 5.42 99.56 99.30 £ 5.92
Productivity (mg/mL,es/h) 101.80 94.88 + 5.36 102.28 100.07 £ 5.97
CU (%) 90.00 84.53 +4.78 86.38 88.57 £ 5.28
%s (%) 89.50 = 83.73 =
Monomer (%) - 97.39 £ 0.16 - 97.42 + 0.04
HMW (%) = 1.36 + 0.19 - 1.46 £ 0.03
LMW (%) - 1.25 £ 0.08 - 1.12 £ 0.03

Note: The average percentage of Monomer, HMW, and LMW species in the eluate fractions is also
shown, with the error representing the standard deviation of the eluates' values. Loading flow rate for
each resin: MSSpcc—0.72 mL/min; CaptoS Impact—0.36 mL/min.

solution or mAb in harvest.?®> Based on this observation, it was
expected that MSSpcc's KPIs using harvest would be comparable to
the results from the pure mAb experiment. To assess if the KPIs of
the harvest solution were comparable to those of the pure solution
and the in-silico optimization, the KPIs were calculated and are shown
in Table 2. The model's KPIs shown in Table 2 for MSSpcc are the
results that were obtained from the optimization at 5 g/L feed con-
centration, hence why these are different than what is shown in
Table 1 (which were obtained using the real concentration of the sam-
ple for the pure mAb MSSpcc trial). The 5 g/L feed concentration of
mAb for the harvest trials was prepared as explained in Section 2.3.
The results in Table 2 show a slight reduction in yield and productivity
and a more pronounced reduction in CU, compared to the pure mAb
experiments. The majority of mAbs adsorb to protein A ligands
through the Fc-region.?® Other harvest components and impurities
(e.g., metabolites, antifoam, etc.) could cause steric hindrance or have
competitive binding, and thus negatively interfere with the adsorption
of mAbs to ProA ligands, explaining the reduction observed in
CU. Nonetheless, the process showed that it could perform very simi-
larly to the pure mAb process, and the obtained KPI values are very
close to what the optimization had predicted. In addition to the KPlIs,
the content of monomer and High and Low Molecular Weight (HMW
and LMW, respectively) species was determined (Table 2). From this
result, we can see that the continuous capture step was able to purify
the initial sample to a great extent, with mAb content (monomer plus

HMW species) representing more than 98.5% of the final mixture.

3.6 | PCC optimization—CEX

Similarly to what was done for the optimization of ProA, the optimiza-
tion for the CEX step was achieved by estimating the Pareto fronts
for Productivity and CU. Once again, the Yield was used as a con-
straint. In total, two different resins were used for the optimization,
and the optimization was performed only for the case of a continuous
process (3C-PCC). This optimization focused on the loading phase to
maximize the aforementioned performance indicators. Since CEX is a

polishing step, it is used for further polishing the solution and

removing HCPs, leached ProA, aggregates, and acidic species. Depending
on the content of the mixture after ProA chromatography, one may want
to choose other performance indicators for the optimization (e.g., purity),
which could mean optimizing simultaneously load and elution phases,
where the length of the salt gradient could prove to be an important
constraint in this new optimization scenario. Since the obtained mixture
after batch experiments already showed very high purity (96.6%, deter-

)25
»

mined using the methodology described in Section 2.4), it was decided

to keep the scope of the optimization as described in this work.

3.7 | Effect of antibody concentration

A total of four different concentrations were tested in the optimiza-
tion of the 3C-PCC for the CEX step: 5, 10, 15, and 20 g/L. Since the
capture step is both a purification and concentration step, higher mAb
feed concentrations were tested for the CEX step compared to the
capture step. The mAb concentration in the ProA eluates is higher
than that of the feed, even considering a pH correction after VI. The
results of the optimization for SP Seph FF and CaptoS Imp are shown
in Figure 6.

Comparing the Pareto fronts for both resins, it is possible to see
that CaptoS Imp shows better Pareto fronts, since for the same con-
centration, the productivity is in general much higher at the same
CU. The CaptoS Imp curves for 5 and 10 g/L practically overlap with
the SP Seph FF curves for 10 and 20 g/L, highlighting the superior
performance of CaptoS Imp. As mentioned for the ProA resins, the
BTC profile greatly influences the Pareto front, sometimes signifi-
cantly more than the binding capacity. From the 2 resins studied, SP
Seph FF has a higher binding capacity compared to CaptoS Imp
(97 mg/mL,es vs. 82 mg/mLes),%> but its BTC is flatter. Therefore, at
the same flow rate it is expected that the sharper BTC profile of Cap-
toS Imp will be advantageous in the interconnected loading phase,
preventing losses in the second column. This is in line with what is
advertised by Cytiva since CaptoS Imp was designed as a high-
resolution resin.

The Pareto fronts for both resins in Figure 6 also show that a

higher feed concentration will lead to flatter Pareto curves. This is
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FIGURE 6 Pareto fronts of the two different CEX resins studied
for the polishing step of mAb. Red and green represent CaptoS
ImpAct and SP Seph FF, respectively. The optimization was done for
continuous mode at 5, 10, 15, and 20 g/L feed concentration.

expected since to achieve the same productivity, lower flow rates can
be used to obtain sharper BTC profiles, consequently increasing CU.%°
The lower maximum productivity achieved for CaptoS Imp for 20 g/L
compared to 15 g/L is justified by the yield constraint. To increase
productivity, it is necessary to increase the flow rate and, at 20 g/L,
the increase needed to achieve higher productivities would also lead
to shallower BTCs, causing early breakthrough in the second column.
Therefore, there is a productivity limit associated with each feed con-
centration, which for the 20 g/L solution and the operating conditions
tested is around 200 mg/mL res/h. The operating conditions (flow
rate, column volume, etc.) also influence the maximum productivity

value achievable for each feed concentration.

38 |
harvest

Continuous CEX with eluates of continuous

The 3C-PCC CEX run was performed to mimic what could be imple-
mented in a continuous end-to-end process. To this effect, the eluates
of the ProA harvest run were pooled and mixed, and after VI
(achieved by a low pH hold for at least 1 h), the pH was corrected to
4.5. The concentration of this pool was 12 g/L, which was diluted
to 10 g/L to be comparable to the optimization shown in Figure 6.
CaptoS Imp showed the best KPIs from the in-silico optimization;
therefore, it was selected as the CEX resin for this step.

When optimizing processes in sequence, it is beneficial to do it by
matching product throughput on each step rather than flow rates
(provided that VI is accomplished by low pH hold in surge vessels).
This will in turn mean that the resin volume used in the polishing steps
could be lower than the one used in the capture step, adding another

layer of optimization of the global process, with the resin volume also

possibly being a design variable. Since CEX resins usually have higher
DBC values than ProA resins, a lower resin volume with higher pro-
ductivity could have the same product throughput as the capture step,
facilitating the connection between the two processes. For the pre-
sent work, the optimization was limited to the smallest volume of pre-
packed columns available in the market (1 mL). Nonetheless, the goal
of matching the productivities of capture and CEX steps was still
achieved, and the operating conditions associated with a process with
a productivity of 100 mg/mL res/h were used for the experiment.

The resulting chromatogram is similar to what can be observed in
Figure 4, but with different concentrations achieved (Figure Sl 6). This
was expected since the sample obtained after the ProA step was
already very pure. The KPlIs resulting from the CEX 3C-PCC are sum-
marized in Table 2. Similarly to the harvest run, the %s could not be
determined for the CEX 3C-PCC since the UV signal was outside of
the calibration curve and there was no pooling during the loading
step. This can be overcome by offline measurement of the flow-
through of column i to column i + 1 (which was not possible in the
presented configuration) or by incorporating online PAT tools that can
determine the concentration of concentrated protein solution accu-
rately. The very high yield values are in accordance with what was
observed during the runs, with virtually no breakthrough on the sec-
ond column observed during the interconnected loading or peak
observed in the CIP. Both experimental CU and productivity are in
accordance with the optimization result, once again highlighting the
usefulness and predictive ability of the used model. The percentage of
monomer increased slightly with the CEX step. The content of LMW
decreased and for HMW, the content increased. Since the content of
the species is relative, a reduction of the amount of LMW species will
lead to an increase in the content of monomer and HMW, even con-
sidering that the amounts of both remained the same after the CEX
experiment. CEX is used as a polishing step to separate the monomer
from remaining impurities, which can be aggregates, leached ProA,
acidic proteins, and genetic material, among others. The operating
parameters to eliminate some of these impurities (especially product-
related impurities) may require operating at sub-optimal conditions
for the productivity and/or CU. Recombinant ProA has a pl lower than
the mAb (4.7-4.8)*7 and that is very close to the operating pH for the
CEX run, which makes CEX a suitable step to remove leached ProA.
Since ProA has a low Mw (45 kDa), the reduction of the LMW species
could be a consequence of the removal of leached ProA from the

mixture.

3.9 | Model evaluation

The continuous model used in this work was used for the in-silico opti-
mization of a ProA and CEX 3C-PCC steps. The model was validated
experimentally for the ProA step using a pure mAb solution for the
three selected ProA resins, with all resins showing experimental KPls
in accordance with the model's predictions. A 3C-PCC experiment
with the best-performing ProA resin was used to purify mAb from a

harvest mixture, achieving results comparable to the pure mAb
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experiment and the model's predictions. The eluates from the 3C-PCC
with harvest solution were used as feed for the CEX 3C-PCC, which
served as the experimental validation of the CEX optimization. The
experimental KPIs obtained were also in accordance with the model's
predictions.

The continuous model was able to accurately predict chromato-
graphic behavior for a 3C-PCC process. As can be seen in Figure 4
(and Figures SI 3 and 4), the model prediction of the chromatogram
and the experimental chromatogram have very similar profiles. The
model also predicted that the process would reach steady state from
the second cycle onwards (data not shown), which is in accordance
with what is observed experimentally (Figure 4a,b). The model was
also used to optimize the 3C-PCC step, and the operating variables
(flow rate and %s) corresponding to a productivity of 100 mg/mL
res/h were selected for experimental validation, both for the ProA
and CEX step. The results showed that the model could accurately
predict the KPIs for the ProA (with pure mAb and harvest) and CEX
3C-PCC, with deviations lower than 6.8%, in the worst case. There-
fore, the presented model provides a powerful tool for fast and accu-

rate process optimization.

4 | CONCLUSIONS

This work focused on the in-silico optimization of a continuous chro-
matography step for the capture and polishing of monoclonal anti-
bodies. This approach focused on using a mechanistic model for the
simulation of the chromatographic behavior and used two different
KPIs as optimization objectives: Productivity and Capacity Utilization.
Since productivity cannot be optimized without penalizing CU, and
vice versa, Pareto fronts were generated and used to identify the best
operating conditions according to the desired KPIs for each process.

Considering the recent advancements in USP, high feed concentra-
tions of mAb were used for the optimization of the 3C-PCC capture
step (2, 5, 7.5, and 10 g/L). The model's results were experimentally val-
idated for all ProA resins with a pure mAb solution at 5 g/L, with oper-
ating variables chosen for a productivity of approximately 100 mg/mL
res/h for all resins. The KPIs of the harvest run were similar to those of
the model prediction; thus, optimization results for ProA chromatogra-
phy with pure mAb can be used to optimize ProA chromatography
using harvest.

A CEX 3C-PCC was also optimized for two different resins
(SP Seph FF and CaptoS Imp) and four different concentrations (5, 10,
15, and 20 g/L). SP Seph FF had a higher binding capacity than Cap-
toS Imp but a less sharp BTC; therefore, the Pareto fronts of CaptoS
Imp indicate that it would perform better than SP Seph FF. The exper-
imental validation at a productivity of 100 mg/mL res/h showed
agreement between experimental and model results. Therefore, we
can conclude that sharp BTCs prevail over binding capacity for the
continuous process, which is usually not a considered parameter for
batch processing.

Although the ProA and CEX steps are not interconnected in the
model, it could still be used to design a process where ProA and CEX

PROGRESS

are interconnected, with a VI step in between. The throughput of the
processes (ProA, VI, and CEX) can be used as a decision variable for
the interconnection of the steps, rather than flow rate, which is typi-
cally used. If VI is performed in at least two different surge vessels,
the feed continuity of the CEX 3C-PCC can be ensured and a periodic
output of material can be achieved. The experimental work described
can be used to mimic a capture and polishing step for the purification
of monoclonal antibodies from a harvest solution.

In conclusion, the presented model was able to predict continu-
ous chromatographic behavior for the capture and polishing steps of a
mAb process. The model was validated experimentally for three dif-
ferent ProA resins using a pure sample, and the best-performing resin
was used for the purification of mAb from a harvest solution. Lastly,
the CEX optimization was also validated experimentally, using the
pooled mAb from the harvest run after ProA purification as feed (at a
CEX feed concentration of 10 g/L). The final product obtained under
the optimized process conditions, at an initial feed concentration of
5g/L, is in a highly pure form (97.4% monomer, 1.5% HMW, 1.1%
LMW) and the throughput of the process is approximately 100 mg/
mL,es/h. Expanding the current model with the inclusion of aging
parameters would provide a better understanding of column replace-
ment needs and further optimize the utilization of the resin by

increasing the number of cycles performed.>®

This can help to further
reduce the COG by maximizing the available resin. Mechanistic
models should be sufficiently accurate to provide a suitable process
design, and the shift to the experimental space would benefit from
having control mechanisms, where the next step would be to fine-
tune operating variables during processing.>® This needs proper PAT
and control strategies and could help mitigate the effect of fouling

and capacity loss while maintaining purity requirements.
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